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The biogenesis of mitochondria requires products of
the nuclear and mitochondrial genomes. Recent
studies of adaptive thermogenesis have shown how
mitochondrial proliferation and respiratory activity in
brown fat and skeletal muscle are directed by the
transcriptional coactivator PGC-1.
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Cellular demands for increased energy supply are often
met by an increase in respiratory activity, usually
accompanied by an increase in mitochondrial mass.
Mitochondrial proliferation can be induced by a variety of
environmental stimuli, for instance, increased contractile
activity of skeletal muscle [1] or direct electrical stimula-
tion of neonatal cardiomyocytes in culture [2]. An increase
in mitochondrial proliferation presents a unique challenge
to cells, because mitochondrial biogenesis requires
products encoded by both the nuclear and mitochondrial
genomes (Figure 1). These products, whose synthesis is
spatially and temporally distinct, are assembled into the
complexes of the electron transport chain, the ATP syn-
thase machine and the mitochondrial protein synthesis
apparatus. At the same time, the replication of mitochon-
drial DNA, which relies almost entirely on nuclear gene
products, must keep pace with the increase in mitochon-
drial proliferation. To ensure the orderly assembly of
those mitochondrial complexes that derive their individual
constituents from both nuclear and mitochondrial genomes,
and to maintain mitochondrial DNA copy number, the
expression of a diverse set of genes must be coordinated.
What are the molecular mechanisms that couple
mitochondrial proliferation to environmental signals? And
once the cell is committed to an increase in mitochondrial
biogenesis, what controls mitochondrial DNA copy number
and the coordinated synthesis of mitochondrial constituents
encoded by the nuclear and mitochondrial genomes? Some
insights into these important questions have emerged from
recent studies of the phenomenon of adaptive thermogene-
sis in mammals [3,4]. Work on this response to exposure of
animals to low temperature or to excessive caloric load has
also revealed how the control of mitochondrial respiration,
an activity crucial to adaptive thermogenesis, is integrated
with mitochondrial proliferative signals. 
In adaptive thermogenesis, mitochondrial respiration in
the responsive tissues — brown fat and skeletal muscle —
increases not only because of an increase in mitochondrial
mass but also because electron transport is partially uncou-
pled from ATP synthesis. Energy is thus dissipated as
heat so as to adapt the animal to the cold or to prevent
obesity by reducing fat storage. An additional dimension
to this complex signaling program is how tissue specificity
is achieved. Recent studies have uncovered the pivotal
role of a novel transcriptional coactivator, PGC-1 (PPARγ
coactivator-1) [3,4]. In response to external stimuli, PGC-1
directs the expression of key regulatory molecules respon-
sible for the synthesis of nuclear-encoded components of
the oxidative phosphorylation apparatus: a mitochondrial
transcription factor, mtTFA, that controls the replication
and transcription of the mitochondrial genome [5], and a
unique family of uncoupling proteins, UCP-1, UCP-2 and
UCP-3, which act to uncouple mitochondrial electron
transport from ATP synthesis [6].
In the thermogenic or high-caloric-load response, β-adren-
ergic receptors are activated, leading to an increase in
cAMP and the induction of PGC-1. In adipocytes of
brown fat, PGC-1 binds to the ligand-activated transcrip-
tion factor known as peroxisome proliferator-activated
receptor γ (PPARγ). These proteins form a complex with
other transcriptional coactivators and the retinoic acid X
receptor at the UCP1 enhancer, activating transcription
([4]; reviewed in [7]). A link to mitochondrial biogenesis
was evident from the results of expressing PGC-1 ectopi-
cally from retroviral vectors in white adipocytes, which
normally do not express PGC-1 and are not particularly
rich in mitochondria. Under those conditions, not only was
there an increase in expression of UCP1, but an increase in
mitochondria with attendant increases in mitochondrial
DNA copy number and components of the oxidative
phosphorylation apparatus.
While these results underscored the central role of PGC-1
in the activation of the thermogenic response in adipocytes,
important details remained unanswered. How is specific
transcriptional activation of nuclear-encoded proteins of the
oxidative phosphorylation apparatus accomplished? How
are thermogenic signals transduced so as to cause an
increase in the replication and transcription of mitochondrial
DNA? And how does adaptive thermogenesis operate in
muscle, which does not express UCP-1? The recent work of
Wu et al. [3] has provided new insights into these questions
and further enlightened our understanding of the molecular
interactions between nucleus and mitochondria that control
mitochondrial activity and biogenesis.
Wu et al. [3] expressed PGC-1 ectopically in mouse C2C12
myoblasts. This resulted in a 77% increase in respiratory
activity over the control cells. The increased respiratory
activity was due not only to an increase in mitochondrial
biogenesis — evident as a selective increase in mitochondr-
ial profiles, mitochondrial DNA content and expression of
nuclear-encoded proteins of the oxidative phosphorylation
apparatus — but also to an uncoupling of electron transport
from ATP synthesis. The uncoupling was the result of
expression of UCP-2 rather than UCP-1, which is highly
expressed in cultured brown fat cells but only weakly
expressed in muscle. Indeed, PGC-1 activation of UCP
genes appears to be quite tissue selective — it does not
activate UCP-2 expression in adipocytes as it does in muscle
cells. It has not yet been resolved how promoter recognition
accounts for this exquisite tissue specificity, given that
UCP-1 and UCP-2 expression are controlled by the same
transcription factor (PPARγ) and coactivator (PGC-1).
Assuming a constant rate of mitochondrial turnover,
an increase in mitochondrial mass in induced versus 
non-induced cells means that the synthesis of both mito-
chondrial and nuclear-encoded proteins of the organelle
must increase, returning us to the problem of coordinated
regulation of nuclear and mitochondrial gene expression
in mitochondrial biogenesis. Two factors that play a key
role in this regulation are the nuclear respiratory factors,
NRF-1 and NRF-2. Previous studies showed that these
transcription factors have a broad spectrum of target genes
[8], many of which encode subunits of cytochrome
oxidase, the ATP synthase complex and some enzymes of
heme biosynthesis, which provide the heme prosthetic
group for cytochromes of the electron transport chain.
How are the NRFs then linked to mitochondrial gene
expression and mitochondrial DNA replication? The
answer comes in part from the finding that among the
target genes for NRF regulation are nuclear genes encod-
ing factors crucial to mitochondrial DNA transcription
and replication [8,9]. These are mtTFA [5], the nuclear-
encoded RNA subunit of a mitochondrial endoribonucle-
ase (MRP) that functions in the generation of primers for
mitochondrial DNA replication [10] and a mitochondrial
transcriptional terminator, mTERF [11].
MtTFA has been studied in considerable detail. This
protein is a member of the high mobility group family of
DNA binding proteins. MtTFA binds upstream of the
‘heavy’ and ‘light’ strand promoters of mitochondrial
DNA and is an essential factor for transcription of the
mitochondrial genome, providing mRNAs as well as
RNA primers for DNA replication. The importance of
mtTFA in controlling the amount of mitochondrial DNA
was shown in mtTFA-deficient ‘knockout’ mice —
heterozygotes for the targeted mutation had a signifi-
cantly reduced mitochondrial DNA copy number com-
pared with control animals [12]. There are mtTFA
orthologs in other metazoans, as well as in yeast. The
yeast ortholog, Abf2, does not appear to play a role in
transcription of the yeast mitochondrial genome, as it
lacks the required carboxy-terminal domain that confers a
transcriptional function on mtTFA. Nevertheless, Abf2,
like mtTFA, plays a role in regulating mitochondrial
DNA copy number in yeast, through its DNA-packaging
properties and its probable influence on recombination-
driven mitochondrial DNA replication [13,14].
Using a reporter gene driven by the mtTFA promoter,
Wu et al. [3] showed that the activation of mtTFA
expression by PGC-1 depends on the integrity of an
NRF-1 site in the mtTFA promoter. This finding pro-
vided the necessary mechanistic clue to understanding
how PGC-1 stimulates mitochondrial biogenesis and how
coordination between the nuclear and mitochondrial
genomes might be effected. PGC-1 activates the expres-
sion of the NRFs, which in turn activate the expression
of nuclear genes for components of the oxidative phos-
phorylation apparatus as well as for factors, such as
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Figure 1
Nuclear–mitochondrial interactions in the biogenesis of
mitochondria. The vast majority of mitochondrial proteins are
encoded by the nuclear genome. Both nuclear and mitochondrial
genomes contribute polypeptides of the oxidative phosphorylation
apparatus, consisting of the mitochondrial electron transport chain
and the ATP synthase complex. mRNAs transcribed from the
mitochondrial genome are translated on mitochondrial ribosomes
using tRNAs and ribosomal rRNAs encoded by mitochondrial DNA
and ribosomal proteins encoded by the nuclear genome. Factors
controlling the replication and transcription of mitochondrial DNA are
encoded by the nuclear genome.
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mtTFA, that regulate mitochondrial DNA replication
and gene expression. In testing this model, Wu et al. [3]
not only confirmed that PGC-1 stimulated the expres-
sion of NRF-1 and a NRF-2 isoform, but tightened the
link between PGC-1 and mitochondrial biogenesis: in
addition to activating NRF-1 transcription, PGC-1 was
found to bind directly to NRF-1 and to function as a
coactivator in NRF-1-dependent transcription. Exactly
how PGC-1 augments transcription of NRF-1 and
NRF-2 is not yet clear, however.
Transcriptional coactivators generally function by
binding to one or more components of the multifactorial
transcription apparatus. There is an interesting similarity
in the interaction between PGC-1, PPARγ and NRF-1.
Although PPARγ and NRF-1 are members of distinctly
different families of transcription factors, they both inter-
act with PGC-1 in an overlapping, central domain of the
protein, suggesting that PGC-1 may be adapted as a
broad spectrum coactivator [3]. PGC-1 contains an addi-
tional PPARγ binding domain in the amino-terminal
portion of the coactivator that has been identified as its
activation domain.
These recent studies on adaptive thermogenesis have
significantly advanced our understanding of the intrica-
cies of the regulation of gene expression associated with
mitochondrial proliferation and the control of mitochon-
drial activity. It will be interesting to learn how the
PGC-1 control of NRF expression and activity operates
to regulate mitochondrial biogenesis in non-thermogenic
tissue, where simultaneous expression of the uncoupling
proteins would be disadvantageous. While increased
transcriptional activity is clearly an important mechanism
for increasing nuclear-encoded subunits of the oxidative
phosphorylation apparatus, increased mitochondrial
DNA copy number — more templates rather than more
transcriptional activation — is the most likely mecha-
nism for increasing the supply of the mitochondrially
encoded subunits. 
Are, then, other components of the mitochondrial DNA
replication apparatus coordinately regulated along with
mtTFA? A recent study by Shultz et al. [15] suggests that,
in neural activation of mitochondrial proliferation in skele-
tal muscle, the catalytic subunit of mitochondrial DNA
polymerase, Polγ, is constitutively expressed and not lim-
iting for the increased mitochondrial DNA replication
associated with the increase in mitochondrial biogenesis.
Expression of the mitochondrial DNA single-stranded
binding protein, however, is coordinately up-regulated
with the increase in mitochondrial DNA, and is thus
another potential control point for regulating mitochon-
drial biogenesis. Further studies may yet reveal additional
targets for coordinating activities in the control of mito-
chondrial proliferation and function. 
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